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THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin
SYSTEMS ANALYSIS OF CHEMICAL AND ENERGY RECOVERY
IN SULFATE PULPING
SUMMARY
The interim progress reports for the joint research project meeting on
December 15-16, 1970 are cumulated here. In addition, the flow sheets which were
supplied by the cooperators for twelve typical kraft pulp mills were reviewed to
determine whether the particular equipment types which were being studied under
this initial project were sufficiently common to be useful to each cooperator.
In most cases, the equipment which is being studied will be directly applicable
to mills which are now in operation by each of the supporting companies.
The accuracy of response of the Kamyr digester model has been significantly
improved by the use of a semiempirical chemical mechanism involving the definition
of two different forms of lignin with different reactivities to hydroxide and thiol
groups. The resulting parallel reactions give a much better fit to the experimental
pulping data than do mechanisms of equal complexity assuming series reactions of
lignin moieties.
The mathematical model proposed earlier for long-tube vertical evaporators
was elaborated and applied to the description of the seven-effect evaporator system
at Crown Zellerbach's Wauna, Oregon mill. The steady-state heat and material balances
are presented, as well as the recognized needs for proper parameter estimation to
develop the dynamic model.
A detailed analysis of the control strategies and present operating condi-
tions on the Combustion Engineering recovery furnace of Owens-Illinois, Valdosta,
Georgia is given as a basis for a proposed computer control scheme, and the necessary
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block diagram and functional components for the control scheme are given. A critical
review of the theoretical and practical factors in the mechanisms of spray evapora-
tion, burning, and char-bed formation are presented as a basis for the dynamic model
of the active zones of the furnace. This information will be used as a basis for the
development of the dynamic model of the furnace which will in turn be used to simulate
the effectiveness of the control scheme which has been proposed.
The general form of the kiln equations is presented, together with data
taken this summer on the temperatures and moisture contents for the rotary lime kiln
of American Can Co., Halsey, Oregon. A possible mathematical method for estimating
the best possible values of the mass and energy transfer coefficients for this model
of the kiln is also presented. The definition of the proper variables for the
evaporator and recovery furnace has been completed. In addition, the relationships
for a single evaporator body have been listed. Work is proceeding on similar 'lumped'
presentations of the behavior of the other components of the system for the overall,
integrated, steady-state model.
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INTRODUCTION : '
This work on a systems analysis of the chemical and energy recovery in
sulfate pulping is directed toward a critical evaluation of how to get the most
profit from the application of process control to the kraft recovery system. This
goal is to be attained through a combination of individual model and control studies,
as well as an integrated study of the steady state and dynamic behavior of the entire
system. The primary progress thus far has been in developing individual dynamic
descriptions of the digester, washer, evaporators, recovery furnace, and kiln.
The portion of the work being done at Purdue University is being adminis-
tered through the Purdue Laboratory for Applied Industrial Control and the Purdue
graduate students are working on these specific topics under Purdue Laboratory fellow-
ships. Additional work by the Institute has included consultation on the development
of accurate models in each area, and the covering in detail of one area (vacuum wash-
ing) which was not treated by the Purdue students. In addition to the individual
dynamic models developed for control studies, a steady-state model of the entire
system for one particular mill has also been developed.
The final study of the integrated dynamic control of the entire recovery
system has been somewhat delayed but is now beginning. In the final analysis this
may prove fortunate because the individual component analyses will be in much better
defined form when this integrated dynamic analysis begins.
Each of these students spent the past summer actually working in a pulp and
paper mill, and each of them had an opportunity to gain first-hand experience on the
physical and chemical, as well as practical, factors which affect the process units
which each of them is studying in this research program. The experience should be
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very useful to each of-the students in foreseeing the difficulties of practical
installation and operation of the control systems and strategies which they might
propose.
The interim reports given here plus Progress Report Number One from the
Institute concerning "Preliminary Mathematical Model of a Vacuum Drum Washer" were
presented and discussed at The Institute of Paper Chemistry on December 15 and 16,
1970.
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REVIEW OF MILL 'FLOWSHEETS
In studying the dynamic control of each of the units in the recovery
system it has been necessary to choose one particular type of equipment in order
to get a concrete result. In consultation with the advisory committee on this
project, the specific example of a so-called typical kraft mill as an initial
starting point was chosen. The recovery system in this particular mill is being
used to develop the steady-state model. The individual dynamic models are being
developed for the same type of units which are in the selected mill. Although
initially the data on the individual units will be from similar units in other
mills, the basic engineering approach which is being taken should allow straight-
forward adjustment of the model to fit the particular units in the selected mill,
or units in your own pulp mills. Although the actual values of the constants may
be different for different individual units of the same type, the results of these
studies should give a valid framework for convenient application to other individual
units. The question does arise, however, as to those units which are not covered
in the original analysis. To determine how critical a problem this might be, the
individual mills supplied the Institute with general flow sheets for one or more
"typical" kraft mills within their company. These flowsheets have been boiled down
to a common form, the types of units used in each case have been identified, and are
reviewed in the following sections.
DIGESTERS
A total of twelve flowsheets from the supporting companies were reviewed.
The digester designs and arrangements which were .represented are shown in Table I.
I





Continuous (Kamyr) Batch '
Vertical Inclined Direct Indirect
2 -- -- 
no data










Most of the mills have at least one continuous digester, but some have
batch digesters either exclusively or in addition.to the continuous unit. This is
perhaps the most.serious gap inthe entire present project.
The initial studies are all being performed on the continuous digester.
It will be necessary to critically review these results when they.are available to
see how the chemical and physical basis of the model can be translated into the
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KNOTTERS, CLEANERS, REFINERS, AND SCREENS
Data are available on the specific arrangements of the knotters, pre-
breakers, refiners, and screens. For the time being there is no active work on the
modeling of these units. It is assumed that they can be reasonably well defined
in terms of relatively simple physical separations. The importance of these com-
ponents to the entire system is acknowledged; however, their relative contribution
to the overall economics of the system will have to be defined by the studies in
progress on the overall steady-state model.
WASHERS
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By far the most common unit is the rotary drum vacuum washer, and this is
the unit which has been selected for detailed dynamic study by the Institute.
EVAPORATORS
The basic physical unit for all the mills was the long-tube vertical evapor-
ator, but depending on the mill requirements these are put together in a wide variety
of arrangements. The modular description of an individual evaporator which is being
developed will allow a direct correspondence to be made between the evaporator system
model and any actual arrangement in each mill. The most common general system in-
volves five to seven effects with split feed to the first two evaporators.
RECOVERY FURNACES
The two main types of furnaces are the flat-hearth, suspended-combustion
system of Combustion Engineering and the slanted-hearth, wall-combustion units of
Babcock and Wilcox. In the twelve flowsheets, there were five (5) with CE units,
four (4) with B & W units, and the remaining three were not specifically identified.
As expected there is an equal balance between the two designs. The CE unit was
chosen initially since this is the type of individual unit which is present in the
one mill which was chosen for the initial, overall, steady-state modeling work.
GREEN LIQUOR CLARIFICATION, SLAKING, AND RECAUSTICIZING
Two mills did not report on the green liquor circuit or the recausticizing
area. All of the remaining ten had gravity-type green liquor clarifiers and eight
specifically mentioned a dregs washer. Of the ten reporting, eight had Dorr slaker-
causticizers, one had an Eimco, and one was not identified. The number of agitated
causticizing tanks ranged from 3 to 8 in various arrangements, and these were fol-
lowed in most cases by rotary, vacuum, drum-type mud washers.
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Nine of the reporting mills showed a gravity-type white liquor clarifier
in addition to the usual white liquor storage, thus completing the circuit back to
the digester.
LIME KILNS 
All ten of the mills which showed the kiln had conventional rotary lime
















The rotary, gas or oil-fired kiln is the unit which was selected for
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CONCLUSIONS
As can be seen, there is some applicability of the results of the present
studies to all of the existing mills. Although there are a few obvious gaps, the
general pattern is that a very large proportion of the equipment in these mills'is
represented in the present initial study.
The shortcomings for those types of equipment not initially represented,
such as the common batch digester, may not be critical for a proper definition and
use of the results of the steady-state optimization of the process, since many of
the steady-state parameters may be the same, but will have different average values.
The primary gap is in the dynamic control analysis of the overall system. The blow
and wash cycles and dynamics of the batch process are, of course, quite different
from the fluctuations expected in a continuous digester. This is a problem which
must receive further critical attention.
THE INSTITUTE OF PAPER CHEMISTRY
Robert A. Holm, Director
Division of Industrial &
Environmental Systems
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There are a number of good reasons for wanting to create
a model of a Kamyr Digester. Of these, better understanding,
better control and better operation of the process are the
motivation for this work. A better understanding of the re-
lationships can be obtained from the model and the modelling
process in many ways. One way is by "playing"' with the model
after it is created or another is by carefully examining the
mathematical and associated physical significance of the mathe-
matical forms used in the creation of the model and their sen-
sitivity to the physically significant parameters of the real
system. This project is basically an exercise in the latter.
Better control of the process can be achieved, based on an
understanding of the system by either better compensation for
variation or elimination, if possible, of variation in those
parameters which show a high degree of sensitivity in the mo-
del. Better operation can be achieved by reducing those vari-
ations which call for operator intervention in the control
scheme (i.e. control failures). This is done by giving close
attention in the modelling process to those phenomena which
now require more than routine operator attention in a less than
total control environment.
There are a number of good reasons why modelling a Kamyr
Digester is difficult. It is generally acknowledged that the
pulping reaction is a complex phenomena both chemically and
-13-
physically. It is difficult to describe in a simple form due
to variability of wood structure and the largely unknown chem-
istry. Also measurement and characterization of the real sy-
stem for verification of feasibility of modelling approaches
are almost unobtainable as the digester's interior is virtu-
ally inaccessible for knowledge of temperature gradients, con-
centration gradients, flow patterns, etc. Further, wood's
physical change, as it affects flow and chemical exchange, as
it is pulped is also not known. These problems are attacked
by trial and error with model concepts for pieces of a total
model, proving or disproving each on the basis of limited data.
A single overall approach does not exist.
Based on the preceding . philosophy these particular areas
have been chosen for close scrutiny. First, the cooking zone
with its attendant reactions. Since those reactions are tem-
perature dependent, the temperature profile dynamics are con-
sidered. Second, the wash zone temperature, due to the depen-
dence on it of cooking and the actual diffusion washing process
is chosen. Third, the chip column dynamics are of interest due
to the large operational problems associated with "hang ups".
Once a reasonable and tractable model concept is found and sub-
stantially verified for each of these areas, a total model is
to be put together as a final dynamic description of the Kamyr
Digester.
2. CURRENT RESULTS
2.1 Cook Zone - Kinetics
Reported last May were preliminary results of an attempted
complex chemical description. Since then validation of such an
approach has been unsuccessful. A more simple description
is more promising in its results.
Under basically the same assumption: ie., no diffusion
limitation on reaction, high enough penetration for basi-
cally homogeneous reaction, and the splitting of ether bonds
in the lignin structure as the main delignification mechanism,
the following model can be written.
kl
L1 + OH ---
L2 + OH k 
L 1 + SH ~-1 + SH k4 Soluble Products
L2 + SH k---
Cc + OH k-6
Ch + OH .---
where k. = k .e i/RT
1 O1
and Cc = cellulose
Ch = hemicellulose
L 1 = 0 aryl ether structures in lignin
L2 = other alkyl ether structures in lignin
2
and it is further assumed from the structure of lignin that
L1 is 70% of the lignin and L2 is 30% of the lignin and that
all Na2 S is completely hydrolyzed to NaSH and NaOH.
Using these equations a simulation was made on the PLAIC
Hybrid Computer and parameter adjustment was made with fair
success to describe pulping as experimentally determined by
Westvaco in typical operating ranges. The results of this
model along with the Westvaco data are shown in Figures 1, 2,
and 3. Attempts are currently being made to verify this
model from other sources of data.
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2.2 Cook Zone - Temperature
Temperature profile and profile dynamics are similar to
those in the wash zone and work here was postponed until wash
zone experience had been obtained.
2.3 Wash Zone - Temperature
The wash zone is characterized by a countercurrent flow
of fairly low temperature (relative to cooking temperature),
low solids content (from first filtrate, tank), and cooked
chips or pulp (the exact form is not certain). By consider-
ing the flows as their water equivalents (in a heat capacity
sense) with an unknown, but reasonable, heat transfer coeffi-
cient, a simple countercurrent heat exchanger evolves.
Let T1 - the temperature of the downflow of chip and entrained
liquor
T2 = the temperature of the upflow wash liquor
x = normalized distance measured down from the inlet of
the wash zone and ending at the wash flow inlet
k = normalized heat transfer coefficient
v = water equivalent flow rate
Then: aT1 aT 1
t = k (T2 -T1 )- 1 ax
at2 (TT1-T2
9a-= k (T1-T2)-V 2
at steady state aTi then T. k
-t =0 x- (T2-T1)
T2 k
x =V2 T 1 T2 
with T 1 (0) = T10 and T2(1 ) = T21. T10o and T21 being the inlet
temperature conditions of the pulped chips and wash liquor re-
spectively.
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This Two Point Boundary Value Problem can be solved in
a number of ways. A simulation on an analog computer with
operator adjustment of T2(0) to meet the boundary conditions
gives much insight into the problem. Figure 4 shows the
drastic change in temperature profile caused by doubling the
wash flow with = 20 (i.e. for Fig. 4,AT of 350°F or for
1
v = 100 GPM = 752 lbs/min therefore k = 15040 BTU/min °F per
unit length.) In evaluation of whether or not this is a rea-
sonable coefficient it must be remembered that the specific
area of contact per unit length between pulp and wash liquor
is included in this constant.
2.4 Wash Zone - Washing
Since it is becoming more and more common to add cold
filtrate to the quench zone, the inlet temperature to the wash
zone is much reduced and possible arguments for a constant
wash zone temperature can be made (enough cold filtrate added
to make wash zone inlet temperature of the pulp equal to wash
heater temperature). Then the effects of the large sensitivity
to the wash flow will be eliminated. In this case of constant
wash zone temperature profile the equations for solids diffu-
sing from the entrained liquor to the wash liquor are identi-
cal in form to those of the wash zone temperature profile with
temperature becoming solids content and k becoming the diffu-
sion rate constant. v1 and v2 are now based on solids carrying
capacity and refer to entrained liquor and wash liqu r respec-
tively. Figures 5 and 6 show the variation in the steady state
v2
profile of solids content for v2 = l, 2, and 4 with k 4 and
1V v1
-17-
8 respectively. The resulting wash efficiency as defined
by (1 - %Out as a function of wash flow is shown in Figure 7.
2.5 Chip Column Dynamics
The residence time in the digester is affected by the
chip column velocity which is basically moved by gravity.
The other forces at work are the fluid flow through the chip
column, most notably the wash flow. Also friction caused by
chips caught in screens exists. This phenomenon has not yet
been modelled. However, once the chip column velocity, v(t),
is determined, either just measured or controlled, the resi-






Either equation can be used to take a tabulation of v(t) kept
for the maximum possible tr and integrate the tabulation back-
wards from t. After the integral equals L then the time of
integration equals tr.
3. FURTHER WORK
It is anticipated that further refinement of the kinetics
model by the inclusion of Na2S hydrolysis and by using a glo-
bal parameter estimation scheme (such as a hyperbolic random
search) will result in a better description. Also further
verification over a wider range of conditions is required.
-18-
Generation of a cocurrent heat transfer model for the
upper zone of the digester to obtain the temperature profile
for cooking is now in order.
Investigation of the dynamic behavior of the temperature
profiles in the wash zone is to be considered. It may prove
useful as a quick acting control much closer to the blow line
and hence less delay in a feedback loop. Wash efficiency
with a variable wash temperature is also to be included so
the interaction of cooking and washing can be studied.
Finally an adaptation of fluid flow in a porous media
will be applied to the problem of chip column dynamics for
use in operational considerations.
-19-
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1. INTRODUCTION:
The multieffect evaporator system as a substantial part
of a Kraft mill recovery area is modelled separately from
the steady state over-all model. Basic data were sampled
on a system at the Wauna, Oregon, Mill of the Crown
Zellerbach Corporation in the summer of 1970.
Values of heat transfer coefficients and heat flows
that were evaluated as a part of the Wauna evaporator system
study are assumed to be valid for steady state conditions
(2). The described system consists of 7 effects and no
soap skim tank. The weak black liquor feed input is
to the No. 4 and No. 5 effects. Enclosed is an example
of a basic data set in terms of the computer program
results of heat balance calculations and also in a Table
on page 15.
-30-
2. THEORETICAL DESCRIPTION OF A DYNAMIC MODEL
Generally, equations describing LTV evaporator
system are based on F. Galtung's outline given in
Report No. 23 (1) with minor changes due to the physical
parameters and the piping specifications of the Wauna
septuple effect set. Hence, as was already presented
(7), each effect is divided for modelling purposes




Basic assumptions made in the Dynamic model are as follows:
1. The non-boiling section is a perfectly mixed
volume.
2. The longitudinal temperature gradients are
neglected in the tubes of the non-boiling section.
3. Material and energy balances for liquor in the
boiling section are adequately described by
algebraic equations.
4. The pressure throughout the boiling section
equals the pressure in the vapor space.
Therefore it is also assumed that the boiling
point rise is constant for the whole section
5. The steam in the steam chest is saturated, i. an
the steam superheat is neglected. Consequently
the energy of the vapor equals the energy of
saturated vapor at that pressure,
-31-




(for a nomenclature listing see page 28)
Steam temperature prediction:
TST_ WST(HsT+ 32 )+USTTTB(AB+AN) QL (2)
WST +UST( AB+AN
Heat flows:
QST=SN+QSB ( 3 )
%QB=USTAB(TST-TTB) (4)
QSN=USTAN( TS TTB) (5)
A typical linearization scheme example shows a
derivation of a time constant TST:
Material balance:
VST d- - = WT-WC (6)
Energy balance:
d TST HST)VsT dt THST W) 'C-QSTL (7)
From equations 6 and 7:
-sT dHST (HsT H~C) dST WST (HST-HC)-QT-QL (8)
t dt dt =
Equation 4 to Equation 8:
1/ST= oTsT+r (9)
Assuming that enthalpies of saturated steam and
water may be approximated by
HST=10 6 6+0.4TST (10)
HC=-32+TST (11)
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Equation 8 in Equation 9 gives:
dTsT WST(HsT+32-TsT )-UsTAB(TT-TTB) -U (Ts TNQL
=dt r ST (t V TST+° 109b- U. sT
(12)
Then a linearization by Taylor series expansion
about the operating point is performed, using the definition
of the time constant where the time constant of a linear-
ized equation is defined as the ratio of the coefficient




According to Andre (8) the time constant takes a final
rm:VST(O. ST + (1098 6TsT))8 x (14)
ST W T+U T(A+A)
ST- ST B N
TSTO
then using the actual operating data (7) this time
constant has a numerical value 7.8 x 10-3 min which is
small compared to the dynamics of the rest of the evap-
orator system. Using a similar linearization scheme,
a time constant for the tubes in the non-boiling section
is found to be 4.3 x 10-2 min. and the time constant
for the liquor in the non-boiling section is 0.48 min.
Consequently, Equations 6 and 7 are substituted with
the corresponding algebraic equation, Equation 1 and
















QN UNAMi(T ST -TN)
(15)








Solids: VN dfS 
d Ntf-
Si -WSO,v N F (LN)
(17)
Water:




Wsiw W X (18)
EncMbalance: 
H.1 n) = W51 ( l+XWI)HtTW5 0 ( I+X )Ht±QN
(19)
Enthalpy of black liquor is approximated as:
Ht=H w+ Ct TN
and
C~t=099+ 8 x 10_5 T- (0.6359 - 6.4xlo04 T) X5~
for a range TN( 100250)0 F, and
(20)
(21)



















WS (+XWI )H l+QB=Ws ( +Xw )Hto+RwHw
The temperature of a liquor in a boiling se
TB=BP+BPR
where BPR is determined using D during lines




The Total pressure drop:
briefly, the sum of all the pressure drops must be
equal to the total pressure drop between tube inlet and
exit. The computation is used for an estimation of LN -
non-boiling zone length.
(PFN AP HN)LN + nPF +PH) (L- +
+APA = N +OT (29)
+APA = L P'tOT (29)
-35-
Note:
At this point it will be necessary to define a relation-
ship between a total heat transferred and a length of
non-boiling zone or a ratio of lengths of non-boiling
and boiling zones. As this ratio varies in consequence
of the tube scaling (fouling), also heat transfer
coefficients will change. The relationship is im-
portant information for a design of the over-all steady
state model. Consequently, VN, is to be treated not as
a constant but rather a function of LN. One of the possible
methods to express a change of a heat transfer rate or
in other words a change of boiling zone heat transfer
area due to a tube scaling is shown below:
QN= Cp(TBi-TBi+l)WLN=ANUNAT (29)
and from (29) AN is: AN= C(TBi-TBi+l)WLN
-- -UNaT (30)
Time derivative of (30):
dAN d Cp(T B-T Bil N Kd [w .v.t]










u(t) = (T B -.TBi~l)
V(t) = WL
W(t) = AT (TST - TB)
Then after differentiation a final form is:
dA C ATVLN d(BiT Bi4kl)±(T iT il)dLN ~~iT.i~ ) 1 dLNl
dN _ p dtd iBi1B~















2. ADDITIONAL DATA PREDICTION AND EVALUATION:
Before the actual dynamic model is formed, there
is a need for certain additional data. These are
derived from basic data and conditions. Since it
might be necessary to repeat the computations several
times before one arrives at desired steady state
conditions, a digital program is being used for this
purpose, i. e. to enable easier changes and predictions
of parameters in dynamic model equations. The program
has 24 basic data inputs per each effect and computes
29 intermediate parameter values and performance
errors per each effect.
Basic data set (variables are
listed in the functional groups, for actual nomenclature
listing see p. 28)
UST -------------- Steam to liquor heat transfer coefficient.
W C -------------- Condensate flow.
WST ------------ Steam Flow. 
HST -------------- Steam enthalpy.
HC ------------- Condensate enthalpy.
STM-------------Steam temperature measured.
AB -------------- Boiling section tubes heating surface.
TTB------------ Boiling section tubes temperature.
AN --------------- Non-boiling section heating surface.
TT ----------- Non-boiling section tubes temperature.
D -------------- Tubes diameter.
FL -------------- Tubes length.
BPR --------------Boiling point rise.
WLN -- B----------Black liquor flow in.
-39-
x
SN ----------- B-- lack liquor solids percent in.
XSO --------------------- Black liquor solids percent out.
WL --------------------- Black liquor flow out.
ROL ------------------- Black liquor density.
HLW -------------------- Liquid enthalpy.
QTM --------------------- Total heat flow computed from
previous heat balance.
DTM ----------------- Temperature difference computed from
heat balance.
BP ------------------- Water boiling point.
UN --------------------- Heat transfer coefficient in non-
boiling section.
EQUATIONS PARAMETERS AM PREDICTION ERRORS ARE A FOLLOWS:
TSTC--------------------Steam temperature predicted.
QL ---------------------- Heat loss.
ETS -------------------- Steam temperature prediction error.
QSN --------------------- Heat flow from steam to non-boiling
section tubes.
QcSB ------------------- Heat flow from steam to boiling section
tubes.
U N --------------------- Heat transfer coefficient steam to
liquor in non-boiling section.
QN ---------------------- Heat flow, steam to liquor in non-
boiling section.
VN - ------------------- Non-boiling section volume.
WSN---------------------Flow of solids in.
SN
WSO----------------------Flow of solids out.
X.. -------------------- atios of lbs. water to lbs.
XWO-------------- -Solids in and out.
-40-
EWS ------------------------------- Solids flow in and out error.
E Water balance.
EVNRO ----------------------------- Water balance.
ENERG ------ --------------- Energy balance.
HLN -------------------------- Liquor input and output
H ---------------------------- Enthalpies.
CpL ------------------------ Black liquor specific heat.
QB ---------------------------- Heat flow to liquor in
boiling section.
EVpR ---------- -------------- Evaporation rate.
ERENE --------------------------- Energy balance error.
TB ----------------------------- Liquor temperature.
QTOT ---------------------------- Total heat flow steam to
liquor.
ERQT -------- ------------------ Total heat flow error-
difference between Q com-
puted by predictor program
and Q computed by heat bal-
ance program.
ERDT -------------------------- Temperature difference
error.
UT -------------------------- Over all heat transfer
coefficient steam to liquor.
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A ------ Outer area of tube walls of boiling section (sq. ft.)
A N ---B Outer area of tube walls of non-boiling section (sq.ft.)
AN------ Mean area of tube walls of non-boiling section (sq.ft.)
------ Constant (.00075 lbs/OF(Cii.ft.)
3 ------ Constant (-12.2 x 10-2)
BPR ----- Boiling point rise (°F)
Cp ----- Specific heat of black liquor (Btu/lb IF)
D ----- Tube diameter (ft..)
HA ----- Enthalpy of black liquor (Btu/lb.)
HST---- Enthalpy of steam (Btu/lb.)
FL ------ Tube length (ft.)
MTN------ Mass of tube walls of non-boiling section (lb.)
PA -7---- Acceleration pressure (lb. force/sq.ft.)
A
PF------- Friction pressure drop (lb.force/sq.ft.)
PH------- Pressure from static head (lb. force/sq.ft.)
APToT---- Total pressure drop across tubes (lb.force/sq.ft.)
-B ____Heat flow to liquor in boiling zone(Btu/hr.)
----- Heat loss (Btu/hr.)
QqSB----- Heat flow from steam to boiling section (Btu/hr.)
QSN ----- Heat flow from steam to non-boiling section.
QST ----- Heat flow from steam to tubes (Btu/hr.)
RW ------ Evaporation rate (lb./hr.)
TB------- Temperature of liquor in boiling section (°F)B
TN Temperature of liquor in tubes of non-boiling section'N (oT
T --- Temperature in i-th effect (°F)
Bi
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TBi+ -------- Temperature in previous effect (°F)
TST -------------- Steam temperature (°F)
TTB -------------- Temperature of tube walls of boiling
section (°F)
TTN -------------- Temperature of tube walls of non-boiling
section (°F)
UB --------------- Heat transfer coefficient steam chest-
liquor in boiling section (Btu/sq.f.O°F hr.)
U N --------------- Heat transfer coefficient steam chest -
liquor in non-boiling section.
U --------------- Heat transfer coefficient steam - tube walls
U~ST ~(Btu/sq.ft.hr.°F)
VN ------------- Volume of liquor in non-boiling section
(cu.ft.)
VST------------- Volume of steam chest (cu. ft.)
WC -------------- Condensate flow (lb/hr.)
WS ------------- Flow of solids in liquor (lb./hr.)
WST------------- Steam flow (lb./hr.)
XW ------------- Fraction of water in black liquor to solids.
(lb./lb.)
X -------------- Fraction of solids in black liquor to
total weight (lb./lb.)
Pt -------------- Density of solids (lb./cu.ft.)
oST-------------- Density of steam (lb./cu.ft.)
T ------------- Time constant (min.)
T -------------- Time constant of liquor temperature (min.)
TST ------------- Time constant of steam temperature (min.)
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1. INTRODUCTION
The present project is directed at the problem of devel-
oping a mathematical model of and a practical digital compu-
ter control scheme for a kraft process recovery unit consis-
ting of its furnace and related devices.
The practice of recovery unit control is presently direc-
ted more towards stability of operation than optimization of
costs or returns. The major reason for this is the concern
for safety. It is believed that a more advanced control sy-
stem than is used at present will not only be able to achieve
stable operation but also operation at the optimum operating
point. As safety is important, it will be desirable to have
automated emergency shut-down procedures that are initiated
automatically when a hazardous situation is detected. Com-
pletely automatic control would permit the recovery unit to be
removed from the rest of the process area so that it no longer
would be considered a hazard to the operator. This will re-
quire that daily maintenance operations that are now performed
by the operators will have to be either automated or eliminated.
The student had summer employment at the Owens-Illinois
kraft pulp mill at Valdosta, Georgia, where three Combustion
Engineering recovery units were operated in parallel. One
of the units was only two years old, and offered an excellent
opportunity of studying a furnace where most of the instrumen-
tation was in working order. The operation of the furnaces
under various conditions was studied, and some data were collected.
During the fall the control system for the combustion air
has been analyzed, and the possibility for completely automatic
-60-
combustion air control has been discussed. A mechanism for the
dynamics and the chemical reactions in the char bed is proposed.
Only the Combustion Engineering system for recovery units
will be discussed specifically in this project, and particularly
data from Valdosta will be used wherever possible. It is be-
lieved that in spite of a number of differences between the
Combustion Engineering and the Babcock'& Wilcox recovery units,
their basic principles of operation are the same. Most of the
conclusions regarding the operation and control of the Combus-
tion Engineering units should apply with possibly only slight
modifications also to the Babcock & Wilcox units.
The student is indebted to Mr. F.A. Rummel, Dr. N.C.S.
Chari and the entire Valdosta Mill staff for their kind cooper-
ation in this project.
2. COMBUSTION AIR CONTROL
2.1 Current Control System and Operating Practice
A modern combustion air control system is shown schemati-
cally in Figure 1. The black liquor flow set point is relayed
to the set points of the primary and the total air flow con-
trollers. A change in the set point to the black liquor flow
controller will automatically cause a proportional change in
the set points of the two air flow controllers. An internal
draft control system is independent of the combustion air con-
trol system. Furnace draft is controlled by varying the speed
of the I.D. fan.
Instrumentation in addition to what is required for the
automatic control loops usually includes oxygen and combustibles



































































































cators for monitoring of the pressures at different locations
in the furnace and in the air and flue gas ducts. These in-
struments are only indicating, however, and not part of the
automatic control system. They may be connected to the annun-
ciator panel so that abnormal readings cause alarms to be
given off.
The present system requires an operator to perform the
following duties as part of the combustion air control:
--He must adjust the coefficients Kta and pa in Figure 1
whenever the composition of the black liquor changes. The
most normal variations are due to changes in the concentration
of total solids in the liquor. A large amount of experience
is required to be able to change these coefficients properly
The operator wants to maintain a constant oxygen deficiency
in the primary zone in order to produce smelt of high reduction
ratio. Too much primary air (too large Kpa) will lower the
reduction ratio,-too little will give insufficient combustion
and the char bed will "blacken out" due to a deficiency of
heat. Unfortunately there is usually a large time delay between
the moment when action is taken by the operator and when the
reduction analysis from the green liquor is available. (Routine
reduction tests are taken once every 24 hours.)
When Kpa is fixed, then variations in Kta will change the
flow of secondary air. Too much secondary air will decrease
the efficiency of the steam generating system as air that does
not participate in the combustion process will pass through
the furnace and carry away parts of the heat that should have
been converted into steam. Too little secondary air will re-
sult in incomplete combustion. This both decreases the effi-
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ciency of the steam generation as well as sharply increasing
the carbon monoxide and sulfur content of the flue gas. The
operator has better guidance for the adjustment of Kta than
for Kpa The flue gas analyzers respond almost immediately
to changes in the total air flow. During normal operation the
combustibles analysis should be close to a zero reading (on a
0-10% (Volume) scale) and the oxygen analysis should be appro-
ximately 3% (Volume). A deficiency in total air will R"sult
in a low oxygen and a high combustibles analysis. An excess
of total air will result in a low (normal) combustibles and a
too high oxygen analysis.
--The degree of turbulence in the combustion zone is also
controlled by the operator. The velocity of the air entering
the furnace from the air ports determines how well the air and
the combustion gases will be mixed. Good mixing will yield
complete combustion with a minor excess of air and this results
in good steam generation efficiency. The velocity of the
entering air is determined by the pressure differential between
the windbox and the furnace. A constant pressure under varying
flow is maintained by restricting or enlarging the passage from
the windbox to the furnace. This is accomplished by manual
adjustment of the windbox dampers. Normal windbox pressures may
be 5" and 3" (H20) for the secondary and the primary windbox
respectively. Unsatisfactory mixing will result in a higher-
than-normal combustibles analysis and at the same time a normal
-or high oxygen analysis.
--Both the primary and the secondary air ports have to be
cleaned out at regular intervals. Clogging occurs gradually
as smelt floating down on the inside of the furnace walls will
solidify when it is exposed to the relatively cool combustion
air entering through the air ports. If the air ports are not
cleaned the solid smelt will decrease the effective area of
the ports, and as the air flow control system will try to main-
tain constant air flow, the windbox pressure will increase.
The windbox pressures are monitored and displayed in the control
room. Cleaning of the air ports is done manually by pushing
steel rods through the air ports from the outside of the fur-
nace and hence by breaking off solid smelt.
2.2 Proposed Computer Control System
The control scheme indicated in Figure 2 is based on the
assumption that an on-line digital computer is available.
Steps necessary in order to automate the actions now taken by
the operator during normal furnace operation are discussed.
The main differences between this control scheme and the
one in Figure 1 are:
--Primary and secondary air flows are made proportional
to the total organic solids flow to the furnace -not only to
the total flow of black liquor. Automatic compensation for
variations in total solids content of black liquor will there-
fore be achieved. Known changes in the ratio between organics
and inorganics in black liquor solids can be compensated for.
These changes will occur if a change in the average yield from
the digesters occur, -or if black liquor from different sources
is being burned.
-- Given the desired apparent oxygen deficiency in the pri-











































flow of primary combustion air is computed. Only the concen-
tration of total solids and the ratio between organics and
inorganics in the solids are considered as variables in the
composition of black liquor. The primary air control is feed-
forward as no practical fast responding feedback of the reduc-
tion state of the smelt is expected to be available.
-- Given the flow and composition of black liquor and the 
desired amount of excess air, the flow of total air is compu-
ted. Primary air and estimated infiltration air is subtracted
and the difference is sent to the secondary air ports. Feed-
back signals from the oxygen and combustibles analyzers are
used to correct the feed-forward computation of total combus-
tion air. (A possible feedback signal from an S02-analyzer is
indicated in case S02 content of the flue gas is not adequately
correlated to the oxygen and combustibles content.) Automatic
adjustment of the windbox dampers is desirable, and hence some
motor arrangement will be required.
-- The state of clogging of the air ports is measured by
comparing the differential pressure across the air ports to the
square of the air flow through the port. The ratio of the
differential pressure to the square of the flow should be inde-
pendent of the flow as long as the state of clogging is un-
changed. As the clogging increases, the differential pressure
will increase for constant flow. Automatic cleaning may be
performed either regularly at constant intervals, -or when a
certain degree of restriction of the air ports is detected.
The cleaning may be performed by mechanical means, or possibly
by a system of steam nozzles in the air ports.
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The instrumentation includes:
--Flowmeter for black liquor
-- Instrument for measurements of concentration of total
solids in the black liquor
--Pressure sensors in furnace and in windboxes
--Flowmeters for total air and primary air
--Analyzers for oxygen and combustibles in the flue gas.
All these instruments are included in the control system
in Figure 1, but there no direct use is made of the available
information. The ratio between organics and inorganics in
black liquor solids must be computed on the basis of the yield
from the digesters.
--An instrument for analyzing the S02, -and possibly also
the reduced sulfur compounds in the flue gases is indicated in
Figure 2. The necessity for such an instrument depends on the
correlation between the sulfur content of the flue gases with
the information available from the oxygen and combustibles
analyzers [1], [2]. The sulfur loss due to the sulfur content
of the flue gases may be large.
3. ASSUMPTIONS FOR THE MATHEMATICAL MODEL
3.1 Some Observations regarding the Combustion Mechanism
The operation of a Combustion Engineering recovery furnace
at Owens-Illinois Inc. Valdosta Mill, Valdosta, Georgia was
studied rather closely during the summer 1970. As the opportu-
nity to perform controlled experiments with the furnace was
limited, conclusions regarding the process mechanisms have to
be based on observations made during normal operation and on
the literature.
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One quickly observes the surprisingly strong effect a
minor change in the temperature of the black liquor has on
the furnace operation. The effect on the drop size distri-
bution of the spray is most apparent. A finely divided spray
will to a large extent be carried by the combustion gases.
A too coarse spray may quickly cool down the char bed surface
and cause a "black out". It is believed that the cooling
effect of the coarse spray is mostly due to a larger amount
of water reaching the char surface. However, as the total
amount of water entering the furnace is unchanged, it seems
that the water flow to the char surface has a controlling
effect on the combustion rate. "Blackening" of the furnace
can occur very quickly, -in the order of seconds. It is
therefore possible that only a surface layer of the char bed
is taking part in the initial temperature drop. This is
made even more probable considering the porosity of the char,
bed, and that heat from the bulk of the bed has to be trans-
ferred by conduction, which is a relatively slow process.
Two basically different models of the combustion process
appear to be possible:
-It may be assumed that the char bed burns as a bed of
charcoal. This means that most of the energy is released
on the surface of the solid particles, and that very little
volatile material is given off. In order to explain the
strong cooling effect of the water, one may assume that wet
liquor physically prevents the primary air from coming in suf-
ficient contact with the char particles to sustain combustion.
Very little flame action is taking place.
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-It may on the other hand also be assumed that char
particles when heated give off large quantities of volatile
material. The volatiles will burn in the gas zone above
the char bed surface. Relatively little heat will be gene-
rated by the combustion of solid material. Heat is trans-
ferred to the char surface from the gas zone by radiation.
The strong cooling effect of water may now be explained by the
effect of temperature on the rate of distillation of volatiles
from the surface char particles, and the resulting positive
feedback due to a corresponding change in the radiated heat
from the burning gases. Much flame action is taking place.
The actual combustion mechanism in the furnace will of
course consist of both of the above mentioned, but in order
to simplify the model it is desirable to use only the one
that most accurately represents the process. No definite
conclusions with regard to the choice of mechanism have yet
been made. Observations made this summer indicate that vigorous
flame action is present in most of the primary and secondary
zone, -except possibly in a narrow region directly above the
surface of the char bed. (Only the lowest parts of the char
bed could normally be observed as one had to look through the
primary air ports.) An article by J.F. Thomas and coworkers
[3] describes qualitatively the initial stages of the combus-
tion of black liquor as distillation and cracking. A rough
estimate on the order of magnitude of the heat that could be
expected to be radiated from the gas to the char surface was
made. As example was used the recovery furnace (I53) at Valdosta
and some very simplifying assumptions. We assume unity
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emissivity for the gas and unity absorption coefficient
for the char bed surface. The area of the char surface
was taken equal to the crossection of the furnace.
4
Radiant heat flow: Q - a . T [Btu/hr.sq.ft]
a = 0.17310-8 [Btu/hr.sq.ft.OR 4]
Gas temperature: Tg 2200 [OF]
Char surface temperature: T = 1500 [°F]
Char surface area: A c = 353 [sq.ft]
Black liquor flow: bl = 67000 [lb/hr]
Solids concentration: Xbls 0.65 [lb/lb]
Net flow of heat to char surface:
Qc = 0.173.10 8 [(2660)4-(1960)4].353 = 21.7*10 [Btu/hr]
We may compare this to the latent heat of all the water
flowing into the furnace:
Water flow: 67000.0.35 = 23.4'103[lb/hr]
Latent heat flow: 23.4'103'970 = 22.7*106[Btu/hr]
Under normal operating conditions only a small fraction of
the water is assumed to actually reach the char bed surface.
Most of the water is believed to evaporate from the spray
droplets while they are falling. Under the above simplifying
assumptions it seems possible that radiation from the gas to
the char surface may account for a major portion of the char
surface energy balance.
3.2 Basic Assumptions for a Mathematical Model of the Char
Bed Energy Balance
It is desirable to arrive at a model that can be used
for the prediction of char bed height, smelt composition and
generation rate, and the "black out condition".
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Some of the basic assumptions for a mathematical model
of the energy balance (given the second of the two above men-
tioned mechanisms) may be taken as:
1. We assume that all of the released energy
is due to the combustion of volatiles given
off by the liquor particles.
2. Energy supply to the char bed surface is
by radiation from the burning gases only.
3. The rate of emission of volatiles is a linear
function of the temperature of the char particles.
(An exponential relationship may be more accurate
for a large range in temperature.)
4. The char bed is lumped into two regions for
energy balance purposes, - the surface layer and
the bulk. Energy balance is taken with respect
to both regions.
5. A fraction of the incoming black liquor spray
is immediately entrained by the combustion gases.
This fraction is
Wbl' rl [lb/hr]
where Wbl is the flow of black liquor to the fur-
nace [lb/hr]. M1 is a function of droplet size
and gas velocity in the primary zone. This frac-
tion is responsible for S02 generation. It is also
responsible for Na2C03 and Na2S04 carryover to pre-
cipitator, cascade evaporator and slag deposit sur-
faces. We assume the entrained fraction of the
spray to burn in suspension in the primary and the
secondary zone and the products of combustion to be
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completely oxidized.
6. A part of the water in the black liquor
spray will evaporate in suspension. The rate
of evaporation is a function of droplet size,
gas velocity and gas temperature.
7. The water that hits the surface of the char
bed is assumed to evaporate immediately upon contact.
The modeling of 1 and of the water that evaporates from
the droplets in the spray is not completed.
3.3 Some Observations regarding the Reduction Mechanism
Observations were attempted of the effect that some
of the process variables had on the smelt reduction ratio.
However, only unsatisfactorily controlled experiments could
be conducted, and many questions are left unanswered.
One experiment was made in order to investigate the re-
lationship between the primary/secondary air ratio and the
resulting reduction ratio. The furnace was run for 2 hours
under normal operating conditions, and a composite sample
was taken from the green liquor tank. The primary air was
then increased from 62.5% to 70% (on a 0-100% scale which
may not be very accurate). The total air and the other vari-
ables, - except secondary air were kept constant. Composite
samples were taken from the green liquor tank during the next
2 hours. Later analysis showed that the reduction ratio was
93.5% and 93.7% for the first and the second 2-hour period
respectively. At least two explanations for the lack of effect
are possible. It may be that even at 70% primary air (this is
only the reading of the instrument, - no calibrations were made)
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the oxygen deficiency is large enough to cause practically
complete reduction, and hence no change is experienced. The
equilibrium diagram of T.W. Bauer and R.M. Dorland [4],
(pp. 100), -Figure 3, indicates a reduction ratio greater
than 99% at a temperature of 1600°F (which we pick arbi-
trarily as an average smelt temperature in the furnace) and
for an oxygen deficiency larger than approximately 7% - which
corresponds to an air deficiency of approximately 35%. This
is roughly the same as 65% primary air. Due to insufficient
mixing the actual oxygen deficiency in the primary zone may
have been larger than the theoretical for 65% primary air
flow, and hence the lack of response in the reduction ratio
may be explained by the equilibrium diagram, - if the diagram
can be considered valid for the furnace reduction ratio.
The other possible explanation is that a reduction change
would have occurred if we had waited more than 2 hours. One
then has to assume a long term effect from the carbon in the
bulk of the char bed on the reduction ratio. It may be as-
sumed that the smelt generated on the char surface responds
to temperature and the average oxygen deficiency in the primary
zone in a manner somewhat similar to what is described by
Bauer and Dorland.) However, when the smelt floats through the
bulk of the char bed, whatever carbon is in there will act
as a reducing agent, and compensate for a low reduction ratio
on the char surface. The effect from the bulk of the char
will cease when all the carbon has been used up. This mechanism
is much more complicated than the previous one. It may, how-
ever, explain why experience seems to show that a reasonably
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One experiment was made in order to investigate the
relationship between char bed height and the smelt reduc-
tion ratio. The furnace was run for 2 hours under normal
operating conditions and the green liquor was sampled. In
order to burn down the char bed, the liquor temperature was
raised. The char bed disappeared after one hour, and opera-
tion continued for another 1 3/4 hour while the green liquor
was sampled. (The char bed was reduced rather slowly in
order to keep the amount of carryover from the sprays to a
minimum.) Analysis showed that the reduction ratio was 94.6%
and 92.3% for the first and the second 2-hour period respec-
tively. The primary air flow indicator showed 70% during
the experiment. The experiment shows that reasonably high
reduction ratio can be achieved without a char bed. Unfortu-
nately prolonged operation without a char bed in the furnace is
an unsafe condition, and further experimenting was not ree
commended. It would have been interesting to study the effect
of changes in the primary/secondary air ratio on the reduction
ratio when the char bed was absent.
3.4 Basic Assumptions for a Mathematical Model of the
Reduction Mechanism
From the two experiments it seems that reasonably good
reduction is achieved, no matter what the operator does.
Experience and the routine laboratory reports prove this not
to be true, however.
We know that given sufficient oxygen black liquor will
burn completely and we get zero reduction ratio. If the equi-
librium diagrams of Bauer and Dorland can be accepted as valid
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for the average reduction ratio in the smelt, then a simple
mechanization of the diagram (4 , pp. 100), - Figure 3, may
be used as a first approximation to a mathematical model of
the reduction mechanism. The diagram has two inputs:
-The reaction temperature may be taken as the temperature
of the smelt in the furnace, which may be set equal to
the temperature of the bulk of the char bed.
-The oxygen deficiency may be computed as the average
theoretical oxygen deficiency in the primary zone.
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In the kraft pulping process, wood chips (or sawdust)
are cooked in a digester under proper conditions of tem-
perature and pressure by white liquor which is a solution
of sodium hydroxide, sodium sulfide,, sodium carbonate and
sodium sulfite. The cooking process extracts the lignin
from the wood leaving pulp. This pulp is further treated
and converted to paper products. The cooking process
also generates black liquor (lignin, impurities and rem-
nants of the cooking solution). The kraft recovery cycle
then converts this black liquor back to clear white liquor.
The recovery process of a kraft paper mill consists
primarily of a liquor cycle where black liquor is evaporated,
combusted and dissolved in weak wash to form green liquor
(mostly a solution of sodium sulfide and sodium carbonate);
then this green liquor is clarified, slaked, causticized
and clarified again to yield white liquor suitable for cooking
chips. The liquor process has as a sub-loop the lime
recovery cycle. In the lime recovery process, lime mud
(primarily calcium carbonate) settles out in the white
liquor clarifier. The lime mud is removed from the clari-
fier as under flow. It is washed to remove excess soda,
filtered to remove the wash water and then dried, heated
and calcined in a rotary lime kiln to form lime (calcium
oxide). This lime is then added to the green liquor in
the slaker where it slakes. The green liquor clarification,
slaking, causticizing, white liquor clarification and the
lime recovery cycle in a kraft paper mill is called the re-
causticizing process.
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The principle chemical reactions occurring in the recau-
sticizing process are as follows:
(i) slaking: CaO + H20 - Ca(OH)2,
(ii) causticizing: Ca(OH)2 + Na2C03 - 2NaOH + CaC03
(iii)calcining: CaC03 - CaO + C02t
One obvious goal of the recausticizing process is to cause
reaction (ii) to produce as much NaOH as possible and still
retain economies in the recovery process.
The most important component in the lime recovery cycle
is the rotary lime kiln in which the processes of evaporation,
heat transfer, calcination and combustion occur and cause
lime mud to become lime. This reburnt lime from the kiln
should ideally be porous and completely calcined so that
it will slake easily and its lime mud will settle rapidly.
Such an ideal reburnt lime is produced when the dried lime
mud is heated to 1550 - 1600°F and held there until all the
CO2 is evolved. If the temperature is too high, some of
the lime becomes non-porous and difficulty in slaking occurs.
If the temperature is too low and/or the lime has not burnt
long enough, then some lime is not calcined and will not
slake.
The burning of lime at 1550 - 1600°F (soft burning) is
not feasible due to the length of time necessary for complete
calcination to occur. Generally, the longer the rotary
kiln the softer reburnt lime it produces but it is also more
expensive to build than a shorter kiln. The standard
rotary lime kiln length is presently thirty (30) times its
inner diameter, the diameter of the rotary kiln being dictated
by the load the kiln is designed to carry.
Physically, a rotary lime kiln is cylindrical in shape
and slightly sloped (1/2 inch per lineal foot is typical).
The lime mud is fed into the upper end of the kiln and pro-
gresses slowly down the kiln (2'/min.is typical) as the lower
end of the kiln the fuel (usually CH4) is combusted and the
hot gases pass over the burden material transferring heat to
the burden material.
2. THE MATHEMATICAL MODEL
Although a dynamic model of a rotary lime kiln was not
found in the literature, there are dynamic models of rotary
cement kilns (1 and 3). As the processes of evaporation,
heat transfer; calcination and combustion also take place
in a rotary cement kiln, then the form of the mathematical
model of a rotary lime kiln can be easily obtained from that
of a rotary cement kiln.
Other papers have been published which deal with in-
vestigation of heat transfer in rotary kilns (4,5,7 and 8).
Scatterfield et al. (6) investigated the calcining rate of
calcium carbonate to determine when the reaction rate is
controlled by the rate of mass transfer of C02 , heat transfer
and/or nucleation. Lyons et al. (2) present a steady state
model of a rotary cement kiln which they used to study the
effect of feed moisture on fuel economy. The dynamic model
presented by Phillips (3) is rather simplified but his article
-81-
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does include a good discussion of the differences in
combustion of coal, oil and gas in a rotary kiln. The
model in the paper by Min et al. (1) is the dynamic version
of the model given in Reference (2).
The form of the mathematical equations describing
the dynamic behaviour of a lime kiln consists of a system
of first-order partial differential equations, where time,
t, and longitudinal distance from feed end of kiln, 1,
are the independent variables. The equations are derived
by performing mass and heat balances for the material in
the kiln. The derivation and the resultant equations are
given in Appendix A. The form of the equations is as
follows:
aq( t) = f(q,l,u, t) )(1)
where t e (to,tf) some time interval, 1 e (O,L), q is
an n-dimensional state vector, f( ) is an n-dimensional
function and u is an m-dimensional vector of inputs.
To obtain the steady state model of the rotary lime
kiln set aq/8t equal to zero, then Equation (1) becomes
f(q,l,u, q(1,t)) = (2)
In the rotary lime kiln model Equation (2) can be
written in the form
dq(l,t) -
dq(lt) = g(q,l,u) (3)
3. DESCRIPTION OF A KILN
The kiln for which data was collected during July
and August of 1970 is located in the recovery section
of the American Can Co. tissue plant at Halsey, Oregon.
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The rotary kiln was made by Allis-Chalmers and installed
in early '69. The kiln shell is 250' long and has an outside
diameter of 9' -2 1/2" when cold and weighs about 560 tons.
The kiln slopes toward the hot end at 1/2" per lineal foot.
It is supported at four places where it turns on trunions
at rates of 1.5, 1.125, 0.75, and 0.5625 rpm normally and
at 0.1 rpm when the kiln is on auxiliary drive.
The interior of the kiln consists of three sections:
(i) chain section, (ii) preheating section and (iii) com-
bustion zone. The drying zone extends from 0' to 34' and
is lined with castable refractory to a 4 1/2" thickness.
The chains are hung for 26' from 6' to 32'. The preheating
section (34' to 170') is lined with 6" thickness 40% alumina
refractory brick and mortar. The combustion zone (170' to
250') is lined with a 6" thickness of 70% alumina brick and
mortar.
4. MEASUREMENTS
The measurements available from the kiln are shown in
Table I. and the points at which these measurements were made
are shown in Figure 2.
The measurements of the components of the burden mass
at points pl, P2, p,3 and p 5 are obtained by grabbing a sample
and having it analyzed. The gas temperatures at p , PS, and
pt are measured by thermocouples and the burden temperature
at p 5 is measured by means of an optical pyrometer. At Pl,
P2 and P3, burden temperature is determined by putting a
thermometer into the sample immediately after sampling. The
gas components are measured by grabbing a sample and analyzing.
Flow rate can be measured by using a pitot tube.
The measurement of the burden temperature at p 5 is
sometimes questionable due to dusting. The calibration
of the temperature sensors was not checked. The gas temp-
erature at p5 is an estimate as is the amount of water vapor
at pi. Also flame length is difficult to judge anyway but
in the kiln of Section 3 the viewing port is on the right
and low so that the view into the kiln is obscured by the
burden in the kiln. The actual rate of lime feed into the
kiln cannot be measured directly for the kiln of Section 3
and only the flow rate to the de-watering centrifuge is
available.
The typical operating conditions of the kiln of Section
5 are given in Table II.
5. METHOD OF PARAMETER ESTIMATION
The steady state kiln equations and the measurements
equations are given as follows:
Plant: dq = F(q,ul, a), 1 C (O,L) (4)
Measurements: z(Pi ) = H(Pi)q(pi ) , i=l, . . . , 5 (5)
where q is the 8th order state vector, u is a p-dimensional
vector of known inputs, F( .) is an 8-dimensional vector-
valued function, cc is a vector of unknown parameter values
and H is an 8 x 8 diagonal matrix.
A performance index is chosen
5
J( ) i= l Jz(Pi) -H(pi)q (pi ) 1 (6)
where W is an 8x8 weighting matrix and q is a solution of the
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plant. Equation (4) for parameter values equal to a.
Problem: find a value of C = oc such that J(c) is minimal.
Solution: choose an initial value of C =(o init.) and iterate
on c using a gradient technique.
Many gradient techniques are available, and these are
now being simulated. The major problem with the gradient
method in this instance is the non-linearity of the lime
kiln equations. It is noted that gradient technique could




Measurement Point I Quantities Measured
CaCO, CaO, H O(l),H 0(g)
O2 1CO 2 TsTg
p2 CaCO 3,CaO, H 20(l), TS
CaCO, CaC, H 0(l), T , Tg
P4 ~~~~~~~T9
p5
CaCO 3 CaO, H 2 O(g) , Gil4,

















Gas temperature at pl(°F)
,t I! It It
'P3
" 1 "I t "
P4
Specific heat of burden mass (Btu/lb. -°F)
" - " "gas (Btu/lb. -°F)
Calcinable mass flow rate (lb./hr.)
Nitrogen " " " 
Fuel " " " 
Water at p1 (%) (wet basis)
It II TI l I
P2
















Oxygen at p1 (%) (dry basis )
Carbon dioxide at p l(%)(dry basis)
Active * lime at p5 (%)






1 1/2 - 2
* A.S.T.M. "rapid" sugar test was used to determine % active lime
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These assumptions are used in the derivation of equations:
(i) The specific heats, latent heat and the heats of reaction
are constant.
(ii) The fuel is methane (CH4) and the combustion is complete.
(iii)Possible impurities and inert compounds are neglected
in the material and energy balances.
(iv) Possible solid particles in the gas flow are neglected.
(v) The residence time of the burden mass in the kiln is
inversely proportional to the angular speed and to the
length of the kiln.
(vi) The burden mass held in the kiln at any time is
directly proportional to the flow rate of the burden
mass.
(vii) The temperature distribution of the kiln wall is
independent of radial position.
II. DERIVATION OF THE EQUATIONS FOR A LIME KILN
The total rate of change of material Q at a point(t,t)
or the reaction rate is the sum of the rate of change of Q
at a fixed value of t and the rate of change of Q due to flow
of the material Q. Hence,
it- = I[Q(t)- a (Al)
The term dt/dt is specified for the burden flow by
dt/dt = Wb/B, (A2)




By the conservation of the material, the equations for
the material balances in the kiln can be written using
equations (Al,), (A2) and assumption (vi).
It results in equations (A4) through (A8):
CaO in the form of CaCo3:
X (t) WCaCO t)
____ -----_W -Xca' t)coa 3Ž (A)tat = -KCXcaco 3 (C,t)- B (A4)
CaO:
aXca, ,t) W b aX CaO(t',t)
Et = -K CXcaO(t' Bt)- at )
Water:
axw(,t, ) Wb aXw(t,t)
It-=- -RW - B (A6)
02:
Yo (tt) W 
at = -4.O R F + at (AT)
Water Vapor:




-at = 2.75 RF + 0.786 H KCXCaCO (tt)
+ W N Yco2('t) (A9)
N at
In equations (A4), (A5) and A6), the burden material
is normalized with respect to B, the calcinable mass per
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unit length. In equations (A7), (A8) and (A9), the gas
material is normalized with respect to N, the nitrogen mass
per unit length.
For example, consider the rate of change of water
vapor YW at a point (t,t). Then
byW(A,t) W bY (,tt)
, at) = reaction rates + N a(,t)
2.25 (rate of combustion) + B (rate of
evaporation of water
+ E byW(tt) (A10)
- alt
where the factor 2.25 is the ratio of mass of water vapor
formed per unit mass of CH4combusted. The factor B/N appears
because of multiplying by B makes the term an absolute quantity
and dividing by N normalizes it with respect to, pounds of
nitrogen/unit foot.
On the basis of the energy balance, the following
equations are written for the burden temperature:
CpSMs' Ts(L,t)
Ctt = h 2A2(Tg-T S) + h3A 3(TW-T S)
- BHw-cKcXcacO -CPSWS a- (All)
- gas temperature:
Cp M gT (tt)
- f - h A +Cp-t = hlA1 (Tw-Tg) + h2A2(TS-Tg)
+ NHFRF-CPS(T S -T g)B ( -0.786KCXCaC 3-RW)
aT (t,t) 
+ CpWg w
gg a (A 12)
- temperatures of the walls inside and outside
hlAl(Tg-TW) + h3A3(Ts-TW) + h4A4(T -TW) = 0
h4A4(TW-TW1) + h5A5(Ta-TW1 ) = 0 (A 1 )
-93-
As an example, equation (All]) is derived. The equations
stating the conservation of the energy of the gas can be
written since the rate of change(per hour) of the heat energy
in the materiald- [CpmMm(t,t] is equal to the sum of (i) the
rates of heat transfer into the material from the wall and
gases or burden mass, (ii) the heat rate of the reactions
(combustion, calcining, and evaporation), and (iii) the
heat rate from the addition of material at temperature
Tt due to changes of state.m
F'o excnr.le, the heat energy balance for the stream is as
follows:
t [CpgMg(t,t)Tg(,tt)]
+= Mg-- = + C-p- + gg .at)
+ Mg(tt) dt : Tg (t ^, t) bTg(tt)
g+ t-- a ) =t CPMg 6t -Cpg gN 6;t
S (-t,t) 6Wb(t,t)
- CPgTg ( at + ) = hAl(Tw-g)
A wS(t.t) MS (.t,t)
+ h 2 A2 (T-Tg) + NFRF -P)s( (A 14 )
The last two terms in equation (A14) account for gases,
water vapor and carbon dioxide, which is added to the gas
flow due to evaporation and calcining, respectively, Equation
(All) is then obtained by rearranging the terms in equation
(Al4).
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In addition to equations (A4) through (A13) the following
constraints must be satisfied:
- The mass flow rate of the burden is equal to:
s = b(1+0.786 XCaCO + Xw) (A15)
- The total burden mass per unit foot is equal to:
M S = B(1 + 0.786 XCaCO + Xw ) (A16)
- The mass flow rate of the gas is:
Wg WgN( +Y + YW + YC+ F (A17)g EN 02 co 2 Y02
- The total mass of the gas is expressed by:
Mg = N(1.0 + YW + YC02 F) (A18)
gT ~ t 0 2 2
The heat transfer rates (B.t.u./(hr.)(ft. /ft.) (OR)
are written when the transfer occurs from
-gas to wall: (A19)
hl = fl + 1.73 x 10-9 egeS (Tg 3 + Tg2T + TgTs2 + TS3)
- gas to the burden:
h2 =f2 + 1.7 x 10
9 eges(Tw3+Tg2 Ts+TgT +T (A20)
- The inner wall to the burden:
73 x 10-9 WS (Tw+TW 2T+TWT 2+Ts3 ) (A21)
h3=f3A1.73 x' j312W5
- The inner wall to the outer wall of the kiln:
h4=f4 (A22)
- The outer wall to the surrounding medium:
h=f 5 .7( x 109WTa+T wA2+T 3 3)£w\W~~~~w aW +a (A2 ) ..
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Rates and rate constants
- The reaction rates:
KC = AC exp [-AEC/RTs]








for XW > 0.1
for XW < 0.1 (A2
6)
(A27)- The combustion rate:[(lb/lb of H2)/hr]:
YF
RF = L-200 (WgN/N), t>200
In equation (A23), a uniform burning in combustion zone
has been assumed.
The speed of the burden is defined by
6L _ Wb (A28)
be B
Equation (A4) through (A13) and (A15) through (A28)
establish the mathematical form which represents the




A = heat transfer area (sq. ft./ft.)
B = calcinable mass/unit length (lb./ft.)
C = specific heat of gas (B.t.U./lb.-°R)
pg
C = specific heat of burden (B.t.U./lb.-°R)
PS
e = emissivity
AE = activation energy (B.t.u./lb. -mole)
f = conductive and convective heat transfer coefficient
-(B.t.u./hr. - sq. ft. - °R)
h = heat transfer coefficient (B.t.u./hr.-ft. - °R)
H = heat of reaction (B.t.u./lb.)
K = reaction rate coefficient (hr.- )
L = length of kiln (ft.)
M = molecular weight
M = mass of gas/unit length (lb./ft.)
M = burden mass/unit length (lb/ft.)
N = Nitrogen mass/unit length (lb./ft.)
RF = rate of combustion/unit nitrogen mass (lb.-hr.)
RW = rate of evaporation/unit calcinable mass (lb./16.-hr.)
9 = residence time (hr.)
t = real time (hr.)
T = ambient temperature (°R)
T = gas temperature (°R)
g
TS = burden temperature (°R)
TW = inner wall temperature (°R)
TW = outer wall temperature (°R)
Wb = calcinable mass flow rate (lb./hr.)
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APPENDIX B (cont.)
Wg = gas mass flow rate (lb./hr.)
WN = nitrogen mass flow rate (lb./hr.)
gN
WS = burden mass flow rate (lb./hr.)
XCaCO = CaO in form of CaCO3/unit calcinable mass
3 (lb./lb.)
XcaO = free CaO/unit calcinable mass (lb./lb.)
X W = water/unit calcinable mass (lb./lb.)
Y, = oxygen/unit nitrogen mass (lb./lb.)
02
YW = water vapor/unit nitrogen mass (lb./lb.)
YCO2 = carbon dioxide/unit nitrogen mass (lb/lb.)
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The steady-state program can be separated into two
main areas: (1) The development of a mathematical model
describing the steady-state conditions of the Kraft Recovery
Cycle and (2) the minimization of a performance index involving
the control set-point and output variables with the mathematical
model as a constraint. The performance index will be expressed
in terms of cost.
As stated in. the previous report, The Kraft Process
comprises five areas or component systems:
1) Digester and washers
2) Multi-effect evaporators
3) Recovery furnace, cascade evaporator and
associated equipment
4) Clarification and causticizing equipment
5) Lime kiln and associated calcination
equipment
This past summer was spent at Consolidated Papers,
Inc. in order to become acquainted with the Kraft Process.
One of the objectives was to identify the independent
variables which could be used to control the operation and
also determine the additional dependent variables required
to develop the steady-state model. The following list is the
variable definitions for the evaporator and furnace systems'
classification of variables for the remainder of the Kraft




U1 = Steam flow to 1st effect
U2 = Pressure in last effect
B. Outputs
Y1 = Black liquor flow from 1st effect
Y2 = Pollutants in vapor from last effect
Y3 = Condensate flow from system
Y4 = Soap from skim tank
C. Disturbances
dl = Steam pressure to 1st effect
d2 = Water temperature to surface condenser
d3 = Ambient temperature
d4 = Tube fouling
d5 = Weak black liquor flow to last effect
II. RECOVERY SYSTEM
A. Controls
U1 = Black liquor flow to cascade evaporator
U2 = Liquor bath level in cascade
U 3 = Salt cake addition
U 4 = Black liquor temperature to furnace
U 5 = Primary air flow to furnace
U6 = Secondary air flow to furnace
U7 = Primary/secondary air temperature
B. Outputs
1 = Smelt flow
Y2 = Steam production rate
Y3 = Pollutants
C. Disturbances
d = Black liquor solids flow to furnace
d = Change in heat transfer rate to furnace
boiler system
d3 = Precipitator efficiency
d4 = Change in ambient conditions
The present status of the overall steady-state model
is the completion of the multi-effect evaporator system.
The model is based on two mass and two energy balances for
each effect and include several important assumptions which
will be discussed shortly.
A list of variable definitions is included at the end
of this report.
Consider the following lumped-model for an ith effect:





A mass balance on the steam and condensate can be
written as
i i-1 i
W S + W WC (1)
Likewise, an energy balance can also be written as
ii i- i i i i i
W HS + WC = hA(TS T + W HC (2)
In a similar manner a mass balance on the black
liquor can be described as
i i i
W I = W0 + WE ()
And the energy balance is
iCi i +WiWi iCi+i i i
WI CP T +W H = W O Cp T + E+ HE (4)BLI
An additional relation is
i i + BPR i
T0 TSAT +BPR ( (5)
These five equations serve a two-fold purpose:
(1) To predict the outputs, given the inputs,
(2) To give a time history of the effect of
fouling in terms of a heat transfer co-
efficient for each effect.
The primary assumption involved is that all the energy
release by the totally condensed steam is transferred to
the black liquor.
The procedure for using the model would be to calculate
a set of h's from a standard set of inlet steam and black
liquor conditions on a daily basis and then to use those




A. FLOW RATES (lbm/hr)
.thW = Condensate from i-- effect
i th
W = Evaporated water from i h effect
i thW I = Black liquor input to ith effect
i th
W = Black liquor output from i- effect
i th
WS = Steam input to i- effect
(NOTE: WS = W for i / 1)
B.' PHYSICAL PROPERTIES
Cp = Specific heat of black liquor (Btu/lbm ft 2 of)
BL
i thX = % Solids (by weight) of black liquor to ith
effect (decimal fraction)
i 1hHC = Enthalopy of condensate from i--- effect (btu/lbm)
i th
HS = Enthalopy of steam TD i- effect (btu/lbm)
C. TEMPERATURES (°F)
i th
T I =Inlet temperature of black liquor TD i-t effect
i
T O = Outlet temperature of black liquor from i-h effect
BPR = Boiling point rise
D. PHYSICAL PARAMETERS
i thA = Heat transfer area of i-t effect (ft2)
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